This study examined whether an aqueous solution that contained 18 organic chemicals that are either solvents or good swelling agents of PVC are able to cause softening when combined in a solution, with each solute at an activity of 0.05. This activity was selected because there is no evidence that an individual organic solute with an activity of 0.05 can soften PVC. However, we found that this combined test solution rapidly softened PVC. We also examined whether organic chemicals that are either solvents or good softening agents of PVC and are also totally miscible in water are able to soften PVC when mixed with water. Four chemicals (tetrahydrofuran, acetone, dimethylformamide and pyridine) were tested in a study that ran for 20 weeks. Tetrahydrofuran, a PVC solvent, caused a significant change in the hardness readings of samples exposed to concentrations as low as 0.01% (w/v). Acetone, a good swelling agent of PVC, caused a significant change in the hardness readings of samples exposed to a 10% concentration but not a 5% concentration. Dimethylformamide, a poorer swelling agent of PVC, did not cause any measurable signs of softening at concentrations below 60%. The lowest concentration of pyridine tested (20%) was found to have a significant effect on the hardness readings. A preliminary short-term study (seven days) showed that n-butylamine was intermediate between pyridine and dimethylformamide in its ability to soften PVC.
INTRODUCTION
Materials used in groundwater monitoring wells must be able to withstand exposure to a variety of groundwater conditions. While it is commonly known that certain neat solvents (pure product) will degrade PVC pipe, the effects of high concentrations of these solvents in aqueous solution is not well understood.
This study examined whether an aqueous solution that contained 18 organic chemicals that are either solvents or good swelling agents of PVC are able to cause softening when combined in a solution, with each solute at an activity of 0.05. This study is one of a series designed to determine the ability of PVC to withstand long-term exposure to various organic contaminants in aqueous solutions.
BACKGROUND
Work by two researchers (Berens 1985 , Vonk 1985 , 1986 ) on the permeation of organic solutes through PVC pipe has shed some light on this topic. In these studies PVC was exposed to a range of concentrations, or activities, of organic solvents. Berens and Vonk noted that the solvent interaction parameter χ used in the Flory-Huggins equation* could be used as a measure of the solvent or swelling power of a particular organic solvent. Table 1 gives the χ values Berens derived for a number of organic solvents (at 30°C). Table 2 gives values for χ that were determined (at 20°C) by Vonk (1985) . PVC is only softened by solvents with a χ value less than 1 (Berens 1985) or 1.2 (Vonk 1985) ; the lower the number, the greater the solvent or swelling power. A neat solvent with a χ value less than 0.5 can completely dissolve PVC (Berens 1985) . According to Vonk (1985) , PVC is nearly inert to organic solvents if their χ value is greater than 3 (e.g., alcohols, aliphatic hydrocarbons and organic acids).
Berens observed that the rate of penetration of an organic solute in PVC changed by many orders of magnitude as the activity of the penetrant in the environment changed. He noted that at ambient temperatures, rigid PVC would only be softened by solvents or strong swelling agents of PVC at activities greater than 0.5. The less aggressive the solvent (i.e., the higher the χ value), the higher the activity required to cause softening. Figure 1 shows the isotherms Berens derived using the Flory-Huggins equation for various values of χ and the approximate softening range for PVC at 30°C. Berens predicted that for lower temperatures (such as those commonly encountered in groundwater), slightly higher activities would be needed to cause softening.
For aqueous solutions the activity of a solvent can be approximated by dividing the concentration of the compound in solution by its solubility in water. Thus, according to Berens, if aqueous solutions of solvents are going to soften rigid PVC, the pure (or neat) solvent must be able to soften or dissolve PVC and must exist in solution at a concentration that exceeds one-half its solubility in water (activity > 0.5).
One criticism of Berens's work is that the various test (activities) solutions he used in his ex- where χ is the Flory-Huggins interaction parameter. of (PVC) solvents are necessary to confirm Berens's predictions. While Vonk did use aqueous solutions of organics in his studies, we have been unable to find a thorough discussion of his methods that is available in English.
Additional
Our laboratory has conducted several studies to test Berens's predictions for aqueous solutions (Parker et al. 1992, Parker and Ranney 1994). In our first study (Parker et al. 1992) we looked for softening of PVC exposed to aqueous solutions containing various activities of methylene chloride. According to Vonk (1985) the χ value for methylene chloride is 0.55. However, according to Berens (1985) the χ value is less than 0.53. Thus, depending on which χ value you use, methylene chloride is either a solvent or a good swelling agent of PVC. [We have observed pieces of PVC well casing dissolve when placed in neat methylene chloride (Ranney and Parker, 1995). Thus it appears that the true χ value for methylene chloride is less than 0.5.] In this study (Parker et al. 1992) , small pieces of PVC well casing were exposed to solutions with a range of activities [1.0, 0.8, 0.6, 0.4, 0.2 and 0.0 (controls with only water)] for 33 days. Samples exposed to the 1.0-and 0.8-activity solutions became rubbery and could be bent easily by hand within 4 and 22 days, respectively. This agrees well with Berens's predicperiments were prepared by dissolving the organic solvents in polyethylene glycol, so he never actually tested aqueous solutions of these organic solvents. Since it is possible that the partitioning of these organic solutes between the dissolved state and the polymer could differ between glycol and water, studies that use aqueous solutions al. 1992) was that the method used to determine softening (i.e., manually bending the sample) was subjective and lacked quantification. As reported in a subsequent paper (Parker and Ranney 1994), we conducted several studies (short term and long term) using a Barcol Impressor to quantitate hardness. In our short-term studies, small test pieces of PVC were exposed to various activity (0.8, 0.6, 0.4, 0.0) solutions of methylene chloride for a week. The pieces exposed to the 0.6-and 0.8-activity solutions had hardness readings that were significantly lower than the control samples, and these samples were rubbery in that they could easily be bent. This was not the case for the samples exposed to the 0.4-activity solution. Thus, we concluded that samples turned rubbery at a lower activity (0.6) than would be predicted using Berens' isotherms, unless the true χ value for methylene chloride is approximately 0.3 or less.
In a long-term study (Parker and Ranney 1994), PVC was exposed to lower activity solutions of methylene chloride (0.4, 0.2, 0.1, 0.05, 0.0) for 20 weeks. By the end of the study, there were significant changes in the hardness readings for samples exposed to 0.4-, 0.2-and 0.1-activity solutions but not to the 0.05-activity solutions. However, none of the samples with the lower hardness readings were actually rubbery or pliable. We concluded that softening had begun to occur at much lower activities than had been previously reported or predicted by either Berens or Vonk and that softening might occur at even lower activities (< 0.1) if given more time. However, we also thought that it might be possible that only partial softening occurs at these lower activities and that the samples never actually become rubbery or pliable. We concluded that a longer-term study is necessary to resolve this issue, and we are currently conducting such a study.
We also tested the ability of a second organic solvent, trichloroethylene (TCE), to soften PVC (Parker and Ranney 1994). TCE is one of the most common organic pollutants in the environment and is also a relatively good swelling agent of PVC [χ = 0.88 (Berens 1985) or χ = 0.90 (Vonk 1985) ]. In our first study with TCE, pieces of PVC were exposed to various activity (1.0, 0.8, 0.6, 0.4, 0.2, 0.0) solutions for up to 68 days. By the end of the experiment, samples exposed to the 0.6-, 0.8-and 1.0-activity solutions had Barcol readings that were significantly lower than the controls, although none of these samples appeared to be plasticized or rubbery.
tions. Also as Berens predicted, samples exposed to the lowest-activity solution (0.2) showed no signs of softening by the end of the study. However, samples exposed to the 0.4-and 0.6-activity solutions showed some slight changes (i.e., occasionally a sample could be bent and/or showed signs of curling), especially at the 0.6 activity. According to Berens, PVC should not be softened by any organic solvent at an activity of 0.4, even if χ were equal to 0.0. Using Vonk's value for χ (0.55) and Berens's isotherms (Fig. 1) , we would also predict that softening should not occur at an activity of 0.6. However, if Berens is correct and χ is less than 0.53 and if the true value is 0.3 (or less), then softening would be expected (at 30°C).
Thus, it appears that softening is occurring at slightly lower activities than would be expected. However, the problem with this study (Parker et To confirm these findings, we (Parker and Ranney 1994) repeated the final set of samples from the previous experiment with a few modifications to improve the sensitivity of the test, including more replicates and a longer contact time (77 days). However, this time there was no significant difference in the hardness readings of the samples exposed to the 0.6-activity solutions and the controls. We did note that this time the samples exposed to the 1.0-activity solutions were pliable. Generally the TCE results agree well with what would be predicted using Berens's isotherms, i.e., PVC should be softened by TCE at activities of 0.8 and greater and should become rubbery at an activity of 0.95 (at 30°C). We are not certain why the results for the samples exposed to the 0.6-activity solutions from this study did not agree with those from the previous study. We thought that if these samples had been given more time, then softening might have occurred, or it may be that since PVC is known to be very heterogeneous, then these different results were due to differences between the test pieces. These studies were relatively short term, and equilibrium was not reached at the lower activities. We concluded that a longerterm study would help resolve whether TCE can soften PVC at an activity of 0.6, and we are currently conducting such a study.
Another issue that we addressed in our most recent study (Parker and Ranney 1994) is what effect an aqueous solution that contains a mixture of several different organic solvents would have on PVC. Since groundwater is much more likely to contain a mixture of organic contaminants, this is an important question for the groundwater monitoring industry. Neither Berens nor Vonk has addressed this issue. For 21 days, pieces of PVC were exposed to an aqueous solution that contained three organic solvents that were either good swelling agents or solvents of PVC [methylene chloride, 1,1,2-trichloroethane and 1,2-dichloroethane (χ < 0.6 for all three compounds)], each at an activity of 0.3. At this activity level, none of these organic solutes should be able to soften PVC by themselves, at least in the time frame of this study. [In fact, previously in this study we found that it took eight weeks before there was a significant change in the hardness readings of samples exposed to a solution containing one of these solvents (methylene chloride) at a nearly equivalent activity (0.4).] Statistical analyses of these data revealed that after two days, the Barcol readings of the samples exposed to the mixedorganic solution were significantly lower than those of the controls. These samples were also rubbery and could be bent easily. We concluded that there was evidence of a cumulative or interactive effect for solutions containing multiple organic solutes that are PVC solvents or good swelling agents when the activity of each organic solute is 0.3 or more. We recommended that future studies should look at mixtures containing more solutes, each at lower activities.
One other issue that had not been addressed previously in the literature was whether an organic solvent that is a good solvent or swelling agent of PVC and that is also totally miscible in water can soften PVC when mixed with water. For solvents that are totally miscible in water, it is impossible to estimate the activity of these solutions using the method described above since this would involve dividing the analyte's concentration by an infinite number. To answer this question, we conducted a study using acetone (Parker and Ranney 1994). Acetone is a good swelling agent of PVC [χ = 0.61 (Berens 1985) ] and is totally miscible in water. In this study, pieces of PVC were subjected to a range of concentrations (75, 50, 25, 5.0, 0.5, 0.05, 0.0% w/v) for seven days. Because there were no replicates in this study, statistical analyses could not be conducted on these data. However, after three days we found a very large change in the Barcol readings for the samples exposed to the 50 and 75% solutions. These samples were rubbery and could be bent easily by hand. In contrast, by the end of the study (seven days) the Barcol readings for the samples exposed to the 5, 0.5 and 0.05% solutions did not appear to be different from those of the control samples. There may have been some change in the samples exposed to the 25% solution, as the Barcol readings were slightly lower. We concluded that a 50% solution of acetone rapidly softens PVC and that a longer-term study would better define the effects of lower concentrations.
The purpose of the current study was to answer the following questions:
• What concentrations of acetone are able to soften PVC when exposure is longer than one week? • Are there other organic solvents (besides acetone) that are totally miscible in water and are either good swelling agents or solvents of PVC that can soften PVC when dissolved in water? • Is a mixture of several PVC solvents in aqueous solution, each at an activity of 0.05, able to soften PVC?
An activity of 0.05 was selected because, according to Vonk (1985 Vonk ( , 1986 , diffusion of an organic solute (that is a solvent or good swelling agent of PVC) with an activity that is less than 0.1 should be Fickian and thus concentration independent and slowest. At these activities the rate of diffusion is considered so slow that diffusion of an organic solute through PVC pipe would take thousands of years (Berens 1985 , Vonk 1985 , 1986 , Olson et al. 1987 ). Therefore, we would not anticipate any softening to occur at an activity of 0.05 for any (single) organic solute. (So far in our own tests we also have not observed any softening at an activity of 0.05.) A combination of 18 solvents and swelling agents of PVC was used in this study.
MATERIALS AND METHODS
Small pieces of PVC were cut from 2-in-(5.1-cm-) diameter schedule-40 well casing. The overall dimensions of the pieces were approximately 9 × 9 × 0.8 mm (L × W × H), giving a total surface area of approximately 1.9 cm 2 and an approximate weight of 0.09 g. Special care was taken to eliminate contamination from grease or oil during the cutting procedure. The pieces of PVC were washed by placing them in a glass beaker containing a 2% solution of Liquinox detergent and deionized (Millipore) water and stirring them with a glass rod for approximately five minutes. The pieces were then rinsed with copious amounts of deionized water until there were no signs of sudsing, then rinsed with several additional volumes of deionized water to assure complete removal of the detergent. The pieces were then spread on paper towels, blotted and left to air dry.
Short-term miscible solvent study
In this study, pieces of PVC were exposed to four concentrations (20, 40, 60 and 80% w/v) of five organic solvents that are totally miscible in water. The five solvents used were: acetone, nbutylamine, dimethylformamide, pyridine and tetrahydrofuran. The contact times were three and seven days. For each time, solvent and concentration, there were five replicate samples. The test solutions were made up in 22-mL borosilicate glass vials with Teflon-lined plastic caps. The vials were filled almost to the top with Milli-Q water, solvent was added using a microliter syringe, and the vials were then filled to capacity with water to eliminate any headspace, capped and placed horizontally on an orbital shaking table for approximately 48 hours. After mixing, the vials were opened and previously weighed pieces of PVC were added to the test solutions. When necessary, a few drops of water were added to ensure that there was no headspace, and the vials were recapped.
Long-term miscible solvent study
In this study, pieces of PVC were exposed to a range of concentrations of the same solvents as the previous study, with the exception of nbutylamine. The concentrations of acetone were 40, 20, 10 and 5% (w/v). The concentrations of dimethylformamide and pyridine were 80, 60, 40 and 20%. The concentrations of tetrahydrofuran (the most aggressive solvent in the previous study) were 10, 1.0, 0.1 and 0.01%. The contact times were 2, 4, 8, 12, 16 and 20 weeks. For each sample, time and concentration, there were four replicate samples, except for acetone, where there were five replicates. The test solutions were made up as described for the short-term miscible solvent study, except for the acetone solutions.
The acetone solutions were made up by adding acetone to deionized water in 1-L volumetric flasks, each containing a glass-covered magnetic stirring bar. The flasks were then filled with deionized water, leaving approximately 1 mL of headspace so that the test solution would not be lost when the glass stopper was inserted. The stoppers were then wrapped tightly with parafilm to reduce vapor loss, and the solutions were mixed for approximately two days on magnetic stirring plates. When the solutions were mixed, preweighed PVC pieces were added to vials, and the vials were filled to capacity with solution to eliminate any headspace and capped.
Mixed-solvent study
In this study, pieces of PVC were exposed to an aqueous solution of 18 organic chemicals shown to be solvents or good swelling agents of PVC (Table 3 ). The activity of each analyte was 0.05, giving a total activity of 0.9. Samples were taken after 1, 3, 7, 14, 21 and 42 days. Five replicate samples were taken on each sampling day. The mixed-solvent solution was made by adding a volume of each analyte using a microliter syringe to deionized water in a 1-L volumetric flask containing a glass-covered magnetic stirring bar. The flask was then filled with deionized water, leaving approximately 1 mL of headspace. The stop- Model 935 Barcol Impressor was used to measure the hardness of the PVC. A description of the use of the Barcol Impressor on rigid plastics can be found in ASTM Standard Test Method D2583-87 (ASTM 1988). However, the impressor employed in this study is made for indenting softer plastics and is not the model described in the ASTM test method. This model was selected so that measurements could be taken during the softening process. Observations were also made of any curvature in the PVC pieces, and the flexibility was tested by holding the pieces with forceps and noting the amount of force necessary to bend the sample. In all these studies, analysis of variance and Duncan's New Multiple Range tests were performed on the Barcol readings for each time and for each analyte in the miscible solvent studies.
RESULTS AND DISCUSSION

Short-term miscible solvent study
In this study we exposed pieces of PVC to aqueous solutions of five PVC solvents or good swelling per was then inserted (leaving almost no headspace) and the top of the flask was wrapped tightly with parafilm to reduce vapor loss. The solution was mixed for approximately three days on a magnetic stirring plate. When the solution was mixed, preweighed PVC pieces were added to empty vials, the vials were filled with the mixedsolvent solution to capacity so there was no headspace and then capped.
General
In all the studies the pieces of PVC were handled using stainless steel forceps. The ratio of surface area of PVC to solution volume was 0.074 cm 2 /mL, and the ratio of solution volume to volume of PVC was approximately 386:1. PVC pieces added to deionized water served as controls. All the prepared solutions were checked with a magnifying glass to ensure that there were no undissolved droplets of solvent visible. The test samples were stored in the dark at room temperature.
On the sampling day the pieces of PVC were removed from the solution, placed on paper towels, blotted and allowed to air dry for 1 minute before weighing. Immediately after weighing, a cant change in the Barcol readings, but the 40% (6.8 M) and 60% (10.2 M) solutions did. The PVC pieces exposed to the 40% solutions were noticeably softened when tested manually, and those exposed to the 60% solutions were pliable (i.e., could be bent in half easily). In contrast, the highest concentrations tested (60%) of n-butylamine (8.2 M), pyridine (7.5 M) and dimethylformamide (8.2 M) had no effect on the hardness readings. We do not have any χ values for these organic solvents.
As a result of this study we know that aqueous solutions of at least two organic solvents that are either solvents or good swelling agents of PVC and are totally miscible in water can soften PVC. Because this study only ran for seven days, it is possible that exposure to solutions of n-butylamine, pyridine or dimethylformamide may cause softening if given more time.
Long-term miscible solvent study
Since the performance of n-butylamine was between that of dimethylformamide and pyridine in the previous study and since n-butylamine is a dangerous and highly toxic chemical to work with, we decided that further study with this chemical was neither warranted nor desirable. Therefore, in this study we exposed pieces of PVC to aqueous solutions of tetrahydrofuran, acetone, pyridine and dimethylformamide for a much longer time than in the previous study, up to 20 weeks. The range in concentrations for these test solutions was determined based on the results from the previous study (Table 4 ). The mean changes in hardness readings for this study are given in Table 5 , and the complete set of hardness readings and change in weight values can be found in Appendix B. Again tetrahydrofuran was the most aggressive solvent. By the end of this study (20 weeks), even the hardness readings for the samples exposed to the lowest concentration tested (0.01%, or 0.0014 M) were significantly lower than the controls. None of these samples were noticeably softened when tested manually, even the samples exposed to the highest concentration tested, a 10% solution (1.4 M). Although there is a lot of variability in the weight change data, it appears that the samples exposed to the 1.0, 0.1 and 0.01% solutions may have reached equilibrium. If this is the case, then no further changes would be expected.
For acetone there was a significant change in the Barcol readings of samples exposed to the 10% (1.7 M), 20% (3.4 M) and 40% (6.9 M) solutions agents (tetrahydrofurn, acetone, dimethylformamide, pyridine and n-butylamine) for up to seven days. Acetone and pyridine are EPA priority pollutants and/or target analytes (Montgomery and Welkom 1989), and the rest are common in the work environment according to the National Institute of Occupational Safety and Health (Montgomery 1991) and thus potential groundwater contaminants. The change in weight data and hardness readings are summarized in Table 4 , and the complete data set can be found in Appendix A.
Tetrahydrofuran is a solvent of PVC and is commonly used as a component in PVC glues. The aqueous solution of this chemical was also the most aggressive. After seven days the 20% solution (2.8 M) softened PVC, and the 60% solution (8.4 M) dissolved it! Acetone has a χ value of 0.61 and thus is a good swelling agent of PVC. The aqueous acetone solution was the next most aggressive aqueous solution. The lowest concentration tested (20% or 3.4 M) did not cause a signifi-but not for the samples exposed to the 2.5% (0.43 M) and 5% (0.86 M) solutions. Again, only the samples exposed to the 40% solution were noticeably softened when tested manually. It may be that given more time the other solutions (10 and 20%) would also have caused pronounced softening. Although the weight gain data were highly variable, it did appear that the samples exposed to the 40, 10 and 5% solutions had reached equilibrium (Table B2) . A longer-term study would show whether equilibrium had been reached or whether further change occurs. There was a significant change in the hardness readings for the samples exposed to the lowest concentration (20%, or 2.5 M) of pyridine. Samples exposed to the highest concentration tested, the 80% (10 M) solutions, were actually pliable (i.e., easily bent in half).
Dimethylformamide again was the least aggressive solvent, and only the test pieces exposed to the 60% (8.2 M) and 80% (10.9 M) solutions had Barcol readings that were significantly lower than the controls. The samples that were exposed to the 80% solution were also pliable (i.e., easily bent in half). The weight change data indicate that all these samples may have reached equilibrium, as there was no additional weight gain during the last four weeks of the study.
It is clear from this study that several organic solvents that are totally miscible in water can soften PVC when dissolved in aqueous solutions and that the ability of an organic solvent to soften PVC when dissolved in aqueous solution is correlated with the neat organic solvent's ability to dissolve or soften PVC.
Mixed-solvent study
This study was conducted to determine if a combined solution of 18 PVC solvents and swelling agents, each at an activity of 0.05, can soften 
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PVC. In this study we saw a statistically significant change in the Barcol readings of samples exposed to the solution of mixed organic solutes after only one day (Table 6 , App. C). After 14 days, several of the test pieces were noticeably softened when tested manually, although none became pliable. Thus, even solutes at activities as low as 0.05 can soften PVC if enough organic compounds that are good solvents or swelling agents of PVC are present. Based on the results from this study, we now wonder whether a mixture of organic solutes at even lower activities could also soften PVC and whether chemicals that are solvents and good swelling agents of PVC have any synergistic effect on other poorer swelling agents. We also wonder what happens in solutions that contain several different activities and what happens if you have a solution that contains low activities of several different PVC solvents or swelling agents plus some dissolved PVC solvent or swelling agent that is totally miscible in water. We have started several studies to address these issues.
CONCLUSIONS
Knowing whether the initial softening we have measured in this study and in previous studies will progress and understanding what happens in a solution that contains several organic solutes is essential if we are to develop any guidance for predicting the ability of PVC to withstand exposure to various organic contaminants over the long term. While we still cannot give definitive guidance, these studies have increased our knowledge and moved us closer to being able to do that.
In a previous study (Parker and Ranney 1994), we found no softening of PVC that was exposed to a solution of methylene chloride (either a solvent or a good swelling agent of PVC) at an activity of 0.05 for 20 weeks. Previous work by other researchers (Berens 1985 , Vonk 1985 , 1986 ) also predicts that an aqueous solution of a PVC solvent or swelling agent should not be able to soften PVC at this low an activity. However, we found that a solution containing a mixture of 18 good swelling agents of PVC, each at an activity of 0.05, was able to rapidly soften PVC. Clearly there is an additive effect of organic solutes, and a solution containing several organic solutes has a much greater ability to soften PVC than does a solution containing any one of the solutes by itself.
In this study we also found that several organic solvents that are either solvents or good swelling agents of PVC and are totally miscible in water can soften PVC. Tetrahydrofuran is a solvent commonly used in PVC glues. After 20 weeks the lowest concentration we tested (0.01%, or 0.0014 M) was able to cause a significant change in the hardness readings. Lower concentrations were not tested but may also have an effect. Acetone is a good swelling agent of PVC and was able to cause a significant change in the hardness readings of test pieces exposed to concentrations of 10% (1.7 M) but not 5% (0.86 M). Dimethylformamide was the least aggressive solvent tested and was able to cause a significant change in the hardness readings in 60% (8.2 M) and 80% (10.9 M) solutions but not at 40% (5.5 M).
Currently we are conducting several additional longer-term studies (1 year or more) that may allow us to determine:
• 
